1. Introduction
Overview
Decades of research have demonstrated that dopamine (DA) has an essential influence on the higher cognitive functions of the primate dorsolateral prefrontal cortex (dlPFC). Neuronal microcircuits in the dlPFC generate the mental representations that are the foundation of working memory and abstract thought (Goldman-Rakic, 1995) , and which are the focus of schizophrenia neuropathology (Glantz and https://doi.org/10.1016/j.neuropharm.2019.03.001 Received 17 October 2018; Received in revised form 28 February 2019; Accepted 1 March 2019 Selemon and Goldman-Rakic, 1999) . Depletion of catecholamines from the dlPFC is as devastating as removing the cortex itself (Brozoski et al., 1979; Collins et al., 1998) , highlighting the importance of their neuromodulatory actions.
The DA innervation of the dlPFC likely arises from "salience DA neurons" in the midbrain, cells that increase their firing to aversive as well as rewarding events (Bromberg-Martin et al., 2010) . This hypothesis is based on both their location in midbrain Williams and Goldman-Rakic, 1998) , and electrochemical data showing increased DA release to both aversive and rewarding events (Kodama et al., 2014) . Thus, DA actions may be especially relevant in the context of salient events, such as a cue signaling future reward. DA acts at a variety of receptors in the primate dlPFC, but D1 DA receptors (D1R) are the most prominent, especially in superficial layers (Lidow et al., 1991; Smiley et al., 1994) . Local blockade of D1R within the dlPFC impairs delay-dependent working memory performance (Sawaguchi and Goldman-Rakic, 1994) , consistent with the DA depletion data. However, working memory is also impaired by excessive D1R stimulation, e.g. with local D1R agonist infusion into dlPFC (Gamo et al., 2015) , or during stress exposure when high levels of DA are released in PFC (Murphy et al., 1996) , indicating a powerful, inverted-U dose response.
Cellular basis-D1R inverted U dose response on delay cell representation of space
Much has been learned about the cellular basis for the D1R inverted U dose-response. Neurons in primate dlPFC can represent information over the delay period in a delay-dependent working memory task (Delay cells), keeping information "in mind" to guide a subsequent response. For example, in a visual spatial delayed response task, Delay cells show sustained, persistent firing over the delay period if the cue had occurred in the neuron's preferred location, maintaining firing in the absence of visual stimulation. These cells are spatially tuned, firing for their preferred location, but not nonpreferred locations. The circuit basis for spatial tuning includes lateral inhibition from fast-spiking, parvalbumin-containing GABAergic (PV) interneurons (Goldman-Rakic, 1995; González-Burgos et al., 2005) . In contrast, the persistent firing is thought to arise from recurrent excitatory inputs on dendritic spines, enriched in deep layer III, where pyramidal cells with shared preferred locations excite each other to maintain firing across the delay period (Goldman-Rakic, 1995; González-Burgos et al., 2000) . D1R in layer III are preferentially expressed on a subset of spines, some within the postsynaptic density (PSD), but most at extrasynaptic sites, often near HCN channels Gamo et al., 2015; Paspalas et al., 2013; Smiley et al., 1994) .
Iontophoretic application of pharmacological compounds during neuronal recordings allows local manipulation of D1R in monkeys performing a delay-dependent working memory task. Iontophoresis of D1R antagonists and agonists has revealed an inverted-U dose response on Delay cell firing, where there is a loss of persistent firing with either high dose D1R antagonist, or high dose D1R agonist application Vijayraghavan et al., 2007; Williams and Goldman-Rakic, 1995) . In contrast, moderate doses of D1R agonist preferentially sculpt away "noise", enhancing the ratio of signal to noise (d') (Vijayraghavan et al., , 2017 . Similar effects have been seen as monkeys perform tasks requiring dynamic associative learning (Puig and Miller, 2012) or representation of rules (Ott et al., 2014; Vijayraghavan et al., 2016) .
The loss of firing seen with high doses of D1R antagonist suggests that endogenous DA actions can have an important, excitatory component that has not been seen with available D1R agonists. A rare ex vivo study of primate dlPFC slices show that DA can be excitatory via actions at D1R (Henze et al., 2000) , and it is these actions that may be most helpful for the treatment of cognitive disorders. DA itself has low affinity for D1R, while previously utilized D1R agonists such as SKF81297 have much higher affinity for D1R (Ryman-Rasmussen et al., 2005) , which may preferentially engage D1R suppressive actions. Thus, there is a great need for a D1R agonist that can better mimic DA's lower affinity, excitatory actions, both as a research tool and as a potential therapeutic (Arnsten et al., 2017) .
Clinical needs-
There are many cognitive disorders associated with impaired dlPFC cognitive function and/or inadequate DA signaling that could benefit from a superior D1R agonist. Age-related cognitive disorders may be an appropriate target, as advancing age is associated with a large depletion of DA from the dlPFC (Goldman-Rakic and Brown, 1981; Wenk et al., 1989) , as well as reduced neuronal firing and working memory deficits (Wang et al., 2011) . DA depletion in PFC also occurs in Parkinson's Disease, which afflicts cortically-projecting DA cells as well as those projecting to striatum (Narayanan et al., 2013) . A D1R agonist may also be beneficial in younger patients, including those with Attention Deficit Hyperactivity Disorder (ADHD) who are helped by boosting DA actions (Arnsten and Pliszka, 2011; Schmeichel et al., 2013) . Finally, a low affinity D1R agonist may be especially helpful in treating schizophrenia, where there are profound dlPFC cognitive deficits (Barch and Ceaser, 2012; Keefe and Harvey, 2012) and complex changes in the dlPFC DA system (Abi-Dargham et al., 2012; Akil et al., 1999; Slifstein et al., 2015) .
Novel non-catechol D1R agonists
Pfizer has recently created a novel series of highly D1/D5 selective, potent non-catechol D1R agonists with excellent in vivo pharmacokinetic properties. Select non-catechol D1 agonists from this new series were shown to have a wide range of functional potencies, varying degrees of agonism, and favorable pharmacokinetics (Gray et al., 2018) . These ligands stimulate adenylyl cyclase signaling, but exhibit distinct binding to the D1R orthosteric site, which leads to a novel functional profile compared to catechols, including minimal receptor desensitization, and reduced recruitment of β-arrestin (Gray et al., 2018) , consistent with prolonged activation of motor function in preclinical studies (Gurrell et al., 2018) .
The current study examined the effects of iontophoresing the novel, non-catechol D1R agonist, PF-3628, on dlPFC Delay cell firing in aged monkeys with naturally-occurring DA depletion and reduced persistent firing. PF-3628 was selected for this research, as it has modest in vitro functional activity and behaved as a near full agonist in a cAMP D1R assay (hD1R EC50 = 381 nM, Emax = 92% relative to dopamine), a profile that closely mimics that of endogenous DA in the same assay (hD1R EC50 = 115 nM, EMax = 100% by definition) and is selective for D1R and D5R vs. all of > 50 other pharmacological targets tested (see Supplementary Materials for pharmacological characterization). Results were compared to ionotophoresis of the traditional, high affinity D1R agonist, SKF-81297 (hD1R EC50 = 4 nM, 96% relative to DA). Investigation of PF-3628 revealed the first evidence of excitatory actions with a selective D1R agonist. Examination of D1R microarray data from human dlPFC, in combination with immunoEM data from the rhesus monkey dlPFC, indicate that these actions may preferentially occur in the layer III pyramidal cells that subserve delay-dependent working memory.
Materials and methods

The non-catechol D1R agonist PF-3628
The structure of the non-catechol D1R agonist, PF-3628, is shown in Fig. 1A . The synthesis of this compound is described in the Supplementary Materials.
M. Wang, et al. Neuropharmacology 150 (2019) 
Oculomotor delayed response (ODR) task
The monkeys were seated in primate chairs with their heads fixed, and faced a 27 inch computer monitor 30 inch in front of them. The monkeys' eye positions were monitored with the ISCAN Eye Movement Monitoring System (ISCAN, Burlington, MA). The monkeys were trained in the visuospatial ODR task, which required the subject to make a memory-guided saccade to a remembered visuo-spatial target. Patients with schizophrenia have been shown to be impaired on a human version of this task (Keedy et al., 2006) . The ODR task was generated by the PICTO system (custom-designed Windows-based dataacquisition software). The task is illustrated in Fig. 1B . A central small white circle was illuminated on the computer monitor, which served as the fixation target. To initiate a trial, the animal fixated this central target and maintained fixation for 0.5 s (fixation period), whereupon a cue (the same sized white circle) was illuminated for a period of 0.5 s (cue period) at one of eight peripheral targets located at an eccentricity of 13°with respect to the fixation spot. After the cue was extinguished, a 2.5-s delay period followed. The subject was required to maintain central fixation throughout both the cue presentation and the delay period. At the end of the delay, the fixation spot was extinguished which instructed the monkey to make a memory guided saccade to the location where the cue had been shown prior to the delay period. A trial was considered successful if the subject's response was completed within 0.5 s of the offset of the fixation spot and was within 2°around the correct cue location. The subject was rewarded with fruit juice immediately after every successful response. The position of the stimulus was randomized over trials such that it had to be remembered on a trial-by-trial basis. The inter-trial intervals (ITI) were at least 3 s. The subject performed 1000-1500 trials per session.
Recording locus
Prior to recording, the animals underwent a magnetic resonance image (MRI) scan in order to obtain exact anatomical co-ordinates of brain structures, which guided placement of the chronic recording chambers. MRI-compatible materials were used for the implant so that another MRI could be performed after implantation to confirm the position of the recording chambers. The recording wells were placed over the caudal principal sulcus as illustrated in Fig. 1C .
In vivo single unit recordings and iontophoresis
PF-3628 from Pfizer was dissolved in a solution of 5% DMSO, 5% cremaphor and 90% saline, and acidified with 1M HCL. SKF81297 from Sigma was dissolved in the same solution for comparison. Iontophoretic electrodes were constructed with a 20-μm-pitch carbon fiber (ELSI, San Diego, CA) inserted in the central barrel of a seven-barrel non-filamented capillary glass (Friedrich and Dimmock, Millville, NJ). The assembly was pulled using a multipipette electrode puller (PMP-107L, Microdata Instrument Inc., South Plainfield, NJ) and the tip was beveled to obtain the finished electrode. Finished electrodes had impedances of 0.3-1.5 MΩ (at 1 kHz) and tip sizes of 30-40 μm. The outer barrels of the electrode were then filled with 3 drug solutions (two consecutive barrels each) and the solutions were pushed to the tip of the electrode using compressed air. A Neurophore BH2 iontophoretic system (Medical Systems Corp., Greenvale, NY) was used to control the delivery of the drugs. The drug was ejected at currents that varied from 10 to 100 nA. Note that the PF-3628 molecule has only a small electric charge, and thus the vehicle was acidified to a pH of about 3 to create a mixture of charged (+1, +2) as well as neutral conformations. Given the small electric charge, relatively higher electric currents were needed to eject compound from the pipette. Retaining currents of −5 to −10 nA were used in a cycled manner (1sec on, 1 s off) when not applying drugs. Drug ejection did not create noise in the recording, and there was no systematic change in either spike amplitude or time course at any ejection current.
The electrode was mounted on a MO-95 micromanipulator (Narishige, East Meadow, NY) in a 25-gauge stainless steel guide tube. The dura was then punctured using the guide tube to facilitate access of the electrode to cortex. Extra-cellular voltage was amplified using a AC/ DC differential preamplifier (Model 3000, A-M SYSTEMS) and bandpass filtered (180 Hz-6kHz, 20 dB gain, 4-pole Butterworth; Kron-Hite, Avon, MA). Signals were digitized (15 kHz, micro 1401, Cambridge Electronics Design, Cambridge, UK) and acquired using the Spike2 software (CED, Cambridge, UK). Neural activity was analyzed using waveform sorting by a template-matching algorithm. Post-stimulus time histograms (PSTHs) and rastergrams were constructed online to determine the relationship of unit activity to the task. Unit activity was measured in spikes per second. We classified four different kinds of ODR task-related cells: Fixation cells, Cue cells, Delay cells, and Response cells. If the rastergrams showed that a neuron displayed taskrelated activity, recording continued and pharmacological testing was performed. A total of 34 Delay cells were recorded and tested with agents (25 from Monkey C, 9 from Monkey A).
Neuronal activities were first collected from the cell under a control condition in which at least eight trials at each of 8 cue locations was obtained. A typical Delay cell is shown in Fig. 1D . Upon establishing the stability of the cells' activity, this control condition was followed by iontophoretic application of drug(s). Dose-dependent effects of the drug were tested in two or more consecutive conditions, which then was followed by a Recovery condition or a Reversal condition. Drugs were continuously applied at a relevant current throughout a given condition. Each condition had ∼8 (6-12) trials at each location to allow for statistical analyses of drug effects.
Data analyses
For purposes of data analysis, each trial in the ODR task was divided into four epochs -initial Fixation, Cue, Delay and Response (Saccade). The initial Fixation epoch lasted for 0.5 s. The Cue epoch lasted for 0.5 s and corresponds to the stimulus presentation phase of the task. The Delay lasted for 2.5 s and reflects the mnemonic component of the task. The Response phase started immediately after the Delay epoch and lasted ∼1.5 s. Data analysis was performed in MATLAB and SPSS. Spike density functions were constructed in 50 ms windows. Two-way analysis of variance (ANOVA) was used to examine the spatial tuned taskrelated activity with regard to: (1) different periods of the task (fixation, cue, delay, and response vs ITI) and (2) different cue locations. This study mainly focused on Delay cells that represent delay-dependent working memory. Many Delay cells fire during the cue and/or response epochs as well as the delay epoch; given their variable responding to the cue and response epochs, data analyses focused on the delay epoch. One-way ANOVA or two tailed paired t-test were employed to assess the effects of drug application on task-related activity. In the interest of brevity, figures often show the neurons' preferred direction in comparison to just one non-preferred direction, the "anti-preferred" direction directly opposed to the neurons' preferred direction. For Delay cells, spatial tuning was assessed by comparing firing levels for the neuron's preferred direction vs. its non-preferred directions. Quantification of spatial tuning was performed by calculating a measure of d' using the formula:
2.3. Microarray analysis of D1R in human dlPFC 2.3.1. Human subjects Brain specimens (n = 7) of healthy control subjects were obtained during routine autopsies conducted at the Alleghany County Office of the Medical Examiner (Pittsburgh, PA, USA) after consent was obtained from the next-of-kin. For details pertaining to age, post-mortem interval, RNA integrity number, brain pH, tissue storage time or race for subjects assessed, please refer to previously published papers (Arion et al., 2015; Enwright et al., 2017) . All procedures were approved by the University of Pittsburgh Committee for the Oversight of Research Involving the Dead, and the University of Pittsburgh Institutional Review Board for Biomedical Research.
Laser microdissection (LMD)
The right hemisphere of each brain was blocked coronally, immediately frozen and stored at −80°C. Tissue sections (12 μm) containing dlPFC area 9 were cut on a cryostat, mounted on glass polyethylene napthalate membrane slides (Leica Microsystems, Bannockburn, IL, USA). For pyramidal cell microdissections, slides were stained with thionin for Nissl substance (Arion et al., 2015) and pyramidal neuron (n = 100 cells per sample) cell bodies with a characteristic triangular shape and prominent apical dendrite were identified and dissected from dlPFC layer III using the Leica microdissection system (LMD 6500). For dlPFC layer III parvalbumin-positive GABA interneuron (n = 150 cells per sample) dissection, sections were immunolabeled using antibody raised against aggrecan (Enwright et al., 2017) , a component of perineuronal nets (PNNs). PNNs are a condensed form of the extracellular matrix around most PV interneurons (Härtig et al., 1992) . For each subject, two replicates were processed independently and replicate samples were averaged for data analysis.
Microarray profiling for cell-type specific transcript enrichment
For each sample, RNA was extracted using the QIAGEN Micro RNeasy kit Plus (Qiagen, Valencia, CA, USA). The Ovation Pico WTA System (San Carlos, CA, USA) was used for synthesis and amplification of cDNA and samples were profiled using the Affymetrix GeneChip U219. Data from all 14 samples were normalized together.
Statistical analyses
Following normalization, average log2 expression values were determined for each probe for a cell type. P-values from paired t-tests were corrected using the Benjamini-Hochberg procedure, and differential-expression determined using a false discovery rate of q < 0.05.
Results
Physiological recordings in cognitively engaged monkeys
We examined the effects of iontophoretic application of PF-3628, a novel D1R agonist, directly onto memory-related neurons in the primate dlPFC. iontophoresis releases very small amounts of drug, which likely influence a mini-column of nearby neurons, but are inadequate to influence behavioral performance. Behavioral performance was maintained at optimal levels during the drug applications.
3.1.1. Iontophoresis of lower doses of PF-3628 enhance the delay-related firing and spatial tuning of dlPFC delay cells
We first examined the effect of PF-3628 on the delay-related firing and spatial tuning of dlPFC Delay cells in monkeys performing the ODR task. We found that iontophoresis of PF-3628 significantly enhanced the delay-related firing and spatial tuning of Delay cells. As seen in a singlecell example in Fig. 2 , iontophoretic application of PF-3628 significantly enhanced the delay activity for the neuron's preferred direction (p < 0.01), but not for its non-preferred direction (p > 0.05; Fig. 2A and B) , enhancing the spatial tuning (Fig. 2C) . Delay firing returned to control levels when the drug was no longer applied (recovery condition). In another single-cell example in Fig. 3 , iontophoretic application of the PF-3628, produced a dose-related enhancement in delay-related firing and spatial tuning. PF-3628 at dose of 25 nA significantly enhanced the delay activity for the neuron's preferred direction (p < 0.01), but not for its non-preferred direction (p > 0.05; Fig. 3A and B) , enhancing the spatial tuning (Fig. 3C) , while PF-3628 at a high dose of 50 nA further increased the delay activity for both preferred and non-preferred directions significantly (p < 0.01 for preferred direction and p < 0.05 for non-preferred direction; Fig. 3A and B), therefore, bringing the spatial tuning down (Fig. 3C) . The enhancing effects of PF-3628 at lower doses were consistent in the population level. Fig. 4 shows the averaged effect of PF-3628 on Delay cell firing in 15 Delay cells. PF-3628 at doses of 10-25 nA significantly enhanced Delay cell firing during the delay period. Statistical analysis showed that PF3628 application significantly increased neuronal firing during the delay epoch for both the neurons' preferred direction ( Fig. 4B ; p = 0.0002, Wilcoxon matched-pairs signed rank test), and the non-preferred direction ( Fig. 4B ; p = 0.003, Wilcoxon matched-pairs signed rank test). To evaluate the direction selectivity of PF-3628, we calculate a measure of d' to examined whether PF3628 enhance the spatial tuning of Delay cells. This measure captures how well a Delay cell can represent a spatial position over the delay epoch in the absence of sensory stimulation, and thus is particularly important to the strength of working memory. A greater d' value indicates greater directional selectivity, i.e, greater spatial tuning. A total of 12 out of 15 Delay cells showed higher d' in the PF-3628 condition compared with the control condition. Overall, iontophoresis of PF-3628 significantly enhanced the spatial tuning of Delay cell firing during the delay epoch by increasing d' (Fig. 4C ; p = 0.012, Wilcoxon matched-pairs signed rank test).
To test whether the enhancing effects of PF3628 occurred through Fig. 2 . A single neuron example of the enhancing effects of PF-3628 on delay-related firing. A: Iontophoresis of PF-3628@25 nA significantly enhanced delay-related firing for the neuron's preferred direction, not for the non-preferred direction. Activity was reduced to control levels after drug application was terminated during the recovery condition (third panel; control vs recovery: p > 0.05, one-way ANOVA). Rasters and histograms for preferred direction and non-preferred direction during control condition and PF-3628 application condition and recovery are shown. B: Statistical analysis of the neuronal firing rates across the delay epoch for the Delay cell shown above, during control, PF-3628, and recovery conditions. C: Spatial tuning changes for this Delay cell during control, PF-3628, and recovery conditions. Fig. 3 . A single neuron example of the dose-dependent, beneficial effects of PF-3628 on delay-related firing. A: Iontophoresis of PF-3628@25 nA significantly enhanced delay-related firing for the neuron's preferred direction, but not for the non-preferred direction. Increasing the PF-3628 dose to 50 nA significantly increased delay-related firing for both the preferred and nonpreferred directions. B: Statistical analysis of neuronal firing rates during the depay epoch for this Delay cell during control and PF-3628 conditions. C: Spatial tuning change for the above Delay cell during control and PF-3628 conditions. actions at D1Rs, we co-applied the D1R antagonist, SCH23390 with PF-3628 to examine whether SCH23390 would block the enhancing effects of PF-3628. Iontophoresis of SCH23390 at 20 nA caused a significant increase in delay firing ( Fig. 5A and Fig. 5B , p = 0.02, Wilcoxon matched-pairs signed rank test), consistent with previous studies (Williams and Goldman-Rakic, 1995; Vijayraghavan et al., 2007) , while we found that co-iontophoresis of SCH23390 reversed the enhancing effects of PF-3628 on delay-related firing. As shown in Fig. 5 , PF3628 @ 25 nA significantly increased delay-related firing for the neurons' preferred direction, and these enhancing effects of PF3628 were partially but significantly reversed by co-iontophoresis of SCH23390 ( Fig. 5 ; overall: p = 0.008, Friedman test; pair-wise comparisons: Control vs. PF-3628: p = 0.01; PF-3628 vs. PF-3628 + SCH: p = 0.046, control vs. PF-3628 + SCH: p = 0.031; Wilcoxon signed rank test). As both agents increased firing on their own, the results cannot be explained by simple, additive effects, but instead are consistent with PF-3628 acting at D1R.
Higher doses of PF3628 have a mixed effect on the delay-related firing of dlPFC delay cells
In contrast to the consistent enhancing effects of PF-3628 at lower doses (10-25 nA), PF-3628 had mixed effects at higher doses (50-100 nA). Fig. 3 had shown an example where PF-3628 increased delay-related firing, but did so for both preferred and non-preferred directions ( Fig. 3A and B) , and thus eroded spatial tuning (Fig. 3C) . However, Fig. 6 shows examples of neurons where PF-3628 produced an inverted U dose response, where the enhancement of firing was eroded at higher doses (Fig. 6A) , or a pronounced decrease in firing with 50 nA (Fig. 6B) . This neuron recovered to more normal levels of firing when the drug was withdrawn, indicating that the loss of firing at 50 nA was due to drug actions.
3.1.3. Vehicle has no effect, while SKF 81297 reduces dlPFC delay cell firing
We examined whether the vehicle used to dissolve PF-3628 (5% DMSO, 5% cremaphor and 90% saline) had any effect on delay-related firing of dlPFC Delay cells on its own. As shown in Fig. 7 , the iontophoresis of vehicle had no effect on delay-related firing ( Fig. 7 ; p = 0.81, Wilcoxon matched-pairs signed rank test). This is similar to results with our standard vehicle of distilled water, which similarly had no effect neuronal firing (Vijayraghavan et al., 2007 ).
Finally, we tested the effects of the traditional D1R agonist, SKF81297, on delay-related firing of dlPFC Delay cells in the same aged animals used to test PF-3628. SKF81279 was dissolved in the same vehicle as used for PF3628. As shown in Fig. 8 , SKF81297 significantly reduced delay-related firing, replicating our previous findings with this compound in young adult monkeys .
Microarray analyses of human dlPFC
Microarray analyses compared the expression of DRD1 message in pyramidal cells vs. PV interneurons in layer III of the healthy human dlPFC. Gene expression profiles of pyramidal cells compared to PV interneurons demonstrated 4.78-fold enrichment for DRD1 mRNA specific to pyramidal cells compared to PV cells. The mean log 2 microarray signal for DRD1 mRNA in pyramidal cells was 4.85, compared to 2.60 in PV cells, indicating significantly greater expression of DRD1 mRNA in pyramidal cells from the same subjects ((p < 0.001; q = 0.001; Fig. 9 ). These results are consistent with the rhesus monkey data, where DRD1 are especially prominent on spines.
Discussion
Overview
The current data provide the first evidence of excitatory effects of a selective D1R agonist in the primate dlPFC, and confirm an exciting breakthrough in D1R pharmacology. The noncatechol D1R agonist, PF-3628, produced an inverted-U dose response curve on the firing of dlPFC Delay cells in aged monkeys, increasing persistent firing at low to moderate doses, but with an erosion of efficacy as the dose was raised. The excitatory effects of PF-3628 were reversed by the D1R antagonist, SCH23390, consistent with drug actions at the D1 family of receptors (D1/D5). The effects were particularly evident in the oldest monkey, who had naturally-occurring, marked reductions in persistent firing (Wang et al., 2011) . As DA depletes from the dlPFC with advancing age (Goldman-Rakic and Brown, 1981; Wenk et al., 1989) , it is possible that PF-3628 helped to restore lost, endogenous excitatory D1R actions on aging neurons.
High doses of PF-3628 were less effective than lower doses in exciting neuronal firing, but did not suppress firing below baseline, as was seen with the traditional D1R agonist, SKF81297. This is likely due to the chemical properties of PF-3628, which has only a small electric charge, and thus it is difficult to eject high concentrations via iontophoresis, even with the application of large electric currents. However, the loss of firing as the dose was raised would be consistent with the engagement of suppressive mechanisms seen so readily with higher affinity, traditional D1R agonists.
The in vivo physiological recordings in this study were performed "blind" to laminar location or neuronal type. Although a fast-spiking signature can be used to suggest a PV-containing interneuron (González-Burgos et al., 2005) , this method is not definitive. The monkey electron microscopy data suggests that most D1R in dlPFC are on spines (Smiley et al., 1994) , indicating expression on pyramidal cells. The human microarray data examined in the current study are Fig. 5 . The DA D1R antagonist, SCH23390, reversed the enhancing effects of PF-3628 on delay-related firing of dlPFC neurons in aged monkeys. A: iontophoresis of SCH alone had an inverted-U effect on delay-related firing: SCH23390 at a lower dose (20 nA) increased delay firing, but decreased firing at a higher dose (40 nA). B: The mean ± SEM firing rate (delay period of preferred direction) of 8 Delay cells showing that low dose SCH23390 (20 nA) increased delay-related firing. C: PF-3628 at 25 nA significantly enhanced delay-related firing for the neuron's preferred direction, and the enhancement was reversed by co-iontophoresis of the D1 antagonist, SCH23390, consistent with PF-3628 actions at DA D1R. D: The mean ± SEM firing rate (delay period of preferred direction) of 7 Delay cells showing SCH23390 reversed the enhancing effect of PF-3628. consistent with these findings, showing more prominent D1R expression in pyramidal cells than in PV interneurons. These data increase confidence that the results in monkeys are relevant to dlPFC in humans.
D1R actions in primate dlPFC
Until now, all research with D1R agonists has been restricted to agonists with high affinity for the receptor. These studies have all observed a reduction in firing with D1R agonist application, often with a preferential reduction of "noise" at lower doses, thus benefiting information processing. This profile has been seen with dlPFC neurons in monkeys performing tasks that require representation of spatial position, numerical information or changing rules (Ott et al., 2018; Vijayraghavan et al., 2007 Vijayraghavan et al., , 2017 , and in vlPFC neurons involved in flexible, associative learning (Puig and Miller, 2012) . This reduction in firing is not simply due to internalization of D1R following intensive, high affinity stimulation, as excitatory effects are seen when low doses of D1R antagonists are applied Williams and Goldman-Rakic, 1995) , indicating that endogenous DA, as well as high affinity agonists, can suppress dlPFC firing. Excitatory effects of D1R antagonist application were also seen in the nearby frontal eye field (FEF), where local infusion of SCH23390 into the FEF increased neuronal firing and enhanced FEF top down control of attentional responding in V4 neurons (Noudoost and Moore, 2011) . Thus, the suppressive effects of D1R stimulation by endogenous or exogenous ligands in primate lateral frontal lobe are well-established.
However, there has also been the suggestion of excitatory D1R actions when DA itself has been applied to neurons. In particular, there was strong evidence from ex vivo studies of dlPFC slices, where DA application induced EPSPs that were reversed by a D1R antagonist (Henze et al., 2000) . There has also been suggestive data from in vivo recordings in monkeys where DA application was excitatory (Jacob et al., 2013; Sawaguchi et al., 1988 Sawaguchi et al., , 1990 , but these studies did not utilize a D1R antagonist to test for receptor actions. This is essential, as DA can have excitatory actions via D2R (Ott et al., 2014) , or via uptake and rerelease by NE terminals (Lewis et al., 2001; Mazei et al., 2002) , e.g. onto postsynaptic alpha-2A-AR . In vivo recordings have shown a marked reduction in the firing of dlPFC neurons Fig. 6 . Higher doses of PF-3628 had mixed effects on delay-related firing of dlPFC neurons in aged monkeys. A: The mean ± SEM firing rate (delay period of the neuron's preferred direction) of a Delay cell showing that PF-3628 produced an inverted U dose-response. The enhancement in firing following lower doses was eroded at higher doses. B: Another neuronal example where PF-3628 produced an inverted U dose-response, with a low dose enhancing, but a higher dose decreasing, delay-related neuronal firing. Fig. 7 . The vehicle used to dissolve PF-3628 had no effect on delay-related firing of dlPFC neurons in aged monkeys. A: An example neuron shows that the vehicle (25 nA) produced no change in delay-related firing for the neuron's preferred direction. B: The mean ± SEM firing rate (delay period of preferred direction) of 7 Delay cells, showing the vehicle had no effect on delay-related firing.
following iontophoresis of high dose D1R antagonist (Williams and Goldman-Rakic, 1995) , consistent with endogenous excitatory actions of DA at D1R. However, the very high doses needed to reduce firing raise the possibility of off-target drug actions at very high concentrations. Thus, the field has been awaiting in vivo evidence that a D1R selective agonist could excite dlPFC neuronal firing, and the current data provide these data for the first time.
Speculations on cellular and subcellular basis for drug actions
The microarray analysis of human dlPFC indicate that D1R message is most concentrated in pyramidal cells, consistent with previous immunoEM studies showing a primary location on spines (Smiley et al., 1994) . The subcellular locations of D1R in spines within the PSD, as well as at extra-synaptic locations near HCN channels, suggest hypotheses about the potential mechanisms underlying D1R excitatory vs. suppressive actions . The excitatory effects of PF-3628 in the current study might arise from D1R-PKA/PKC phosphorylation of NMDAR, maintaining them within the PSD. There is direct evidence for this in rat medial PFC, (Li et al., 2010) , and the presence of D1R within or near the PSD of glutamate-like synapses in monkey layer III dlPFC suggests it could also occur in primate dlPFC ( Fig. 10 ; Gamo et al., 2015; Paspalas et al., 2013) . Increased numbers of NMDAR in the PSD would be consistent with PF-3628 increasing firing for Delay cells' nonpreferred, as well as preferred directions. D1R excitatory effects might also include D1R inhibition of GABAergic interneurons, but these effects appear subtle and complex when studied ex vivo (Gonzalez-Burgos et al., 2005) .
In contrast, the suppressive effects of D1R stimulation at higher levels likely involve cAMP-opening of HCN channels on spines, reducing network connectivity Gamo et al., 2015; Paspalas et al., 2013) , but also may involve decreased glutamate release from axon terminals (Gao et al., 2001; Paspalas and Goldman-Rakic, 2005) . Finally, all current D1R agonists, including PF-3628, additionally stimulate D5R, which are found on the plasma membrane of layer III and V pyramidal cells near the SER and mitochondria (Paspalas and Goldman-Rakic, 2004) . The functional contributions of D5R in primate dlPFC are not known, but nonetheless should be considered when speculating about cellular actions.
Clinical relevance
The current suggest that PF-3628, or related, low affinity D1R agonists, may be beneficial for humans with reduced DA levels in PFC and/or PFC cognitive deficits. Age-related cognitive changes may be aided by low affinity D1R therapy. PFC executive abilities begin to decline as early as middle age in both monkeys (Moore et al., 2006) and humans (Adólfsdóttir et al., 2017; Park and Bischof, 2013) , and there is loss of DA from primate dlPFC early in the aging process (GoldmanRakic and Brown, 1981) . Thus, low dose D1R stimulation may be helpful in maintaining dlPFC functions needed to thrive in the Information Age.
Low affinity D1R agonists may also be helpful in treating the PFC cognitive deficits associated with schizophrenia. Schizophrenia is associated with profound dlPFC cognitive deficits, not helped by current medications, which impede societal integration and overall outcome (Barch and Ceaser, 2012; Keefe and Harvey, 2012) . Thus, there is a great need for medications that can restore cognitive function (Arnsten and Wang, 2016) . Schizophrenia involves multiple changes in brain, including atrophy of pyramidal cells in layer III dlPFC (reviewed in (Datta and Arnsten, 2018) ), and complex changes in the DA system. Fig. 8 . A single neuron example of the suppressing effects of SKF81297 on delay-related firing in a dose-dependent manner. Iontophoresis of SKF81297@ 15 nA suppressed delay-related firing for both the neuron's preferred and the non-preferred direction; firing was further suppressed when the dose was Increased to 25 nA. These results are similar to previously published findings with this compound. Fig. 9 . Human microarray data showing greater DRD1 expression in pyramidal cells vs. PV interneurons in layer III dlPFC. Log 2 -transformed microarray signal of DRD1 mRNA in dlPFC layer III pyramidal and PV cells within healthy human subjects (n = 7). The log 2 microarray DRD1 mRNA expression in pyramidal cells (4.85 ± 0.718) was significantly 4-fold higher (p < 0.001; q = 0.001) compared to PV interneurons (2.60 ± 0.210) in human dlPFC layer III.
Neuroimaging studies have shown increased D1R expression in PFC early in the course of illness in drug naïve patients (Abi-Dargham et al., 2012) , which may be compensation for reduced DA (Abi-Dargham et al., 2012; Akil et al., 1999; Slifstein et al., 2015) , or alternatively, part of a hyperdopaminergic response during adolescence (AbiDargham et al., 2012; Rosenberg and Lewis, 1994) . However, established disease appears associated with reduced DA release in cortex (Slifstein et al., 2015) and weaker TH expression in layer VI of PFC (Akil et al., 1999) , in concert with increased DA release in caudate (Kegeles et al., 2010; Laruelle et al., 1996) which may magnify cortical errors (Datta and Arnsten, 2018) . Post-mortem studies have also shown that the rs5326-A allele in the promoter region of the D1R was associated with poorer cognition and lower cortical D1R gene expression in patients with schizophrenia (Tsang et al., 2015) , suggesting that D1R agonist therapy, using a strategy that strengthens layer III pyramidal cell synaptic connectivity, should be helpful.
Initial trials of D1R agonist treatments have been problematic, but were necessarily performed with traditional, high affinity agonists (Arnsten et al., 2017) . Dihydrexidine was the first synthesized D1R agonist, and has high affinity for D1R (Brewster et al., 1990; Lovenberg et al., 1989) . There were hints that dihydrexidine may help working memory in schizotypical patients (Rosell et al., 2015) , but it did not benefit patients with schizophrenia in a small, proof-of-concept trial (Girgis et al., 2016) . The current data in monkeys caution that the dose of D1R agonist must be low, even with a low affinity D1R agonist, or the beneficial effects on PFC neuronal physiology will erode. It will also be important to test patients relatively early in the disease process, before spine loss (Glantz and Lewis, 2000) removes the substrate for therapeutic drug actions. Small dose-finding phase II studies may be essential for finding an effective dose range, and focus should be on very low affinity D1R agonists. A related compound in this new class of noncatechol D1R agonists has begun to show promise in treating movement disorder in Parkinson's Disease (Gurrell et al., 2018) . However, smaller doses of D1R agonist would be needed for schizophrenia, as the dlPFC has a much lower level of DA innervation than striatum (Berger et al., 1991; Lewis et al., 1987) , and a nonlinear dose/response. The current data show that DRD1 message is enriched in pyramidal cells in layer III of the healthy human dlPFC, and thus a D1R treatment that can excite and strengthen these synapses early in the course of schizophrenia may be beneficial in protecting these important cognitive circuits.
In summary, the availability of novel D1R agonists that can excite PFC delay-dependent working memory circuits is an important step forward in providing pharmacological tools that better mimic the beneficial influence of endogenous DA. It is hoped that future studies may find that low doses of these compounds can benefit patients with PFC cognitive dysfunction. Fig. 10 . Immunoelectron microscopy showing D1R labeling (green arrowheads) in or near the glutamate PSD on spines in layer III of the rhesus monkey dlPFC. A. DAB (3,3-diaminobenzidine) peroxidase labeling indicates that D1R are localized within and next to a spine synapse receiving a glutamatelike axon terminal. This synapse is "perforated", a sign of synaptic maturity that is a common feature in monkey dlPFC. B. Immunogold labeling shows D1R in two spines. The top spine is receiving a glutamate-like asymmetric synapse, with D1R label within the elaborated PSD. The bottom synapse forms a synaptic triad, with both an asymmetric glutamate-like synapse, and a symmetric, possibly DAergic synapse. Double-labeling, e.g. with tyrosine hydroxylase, would be needed to determine whether it is actually a DA terminal, but DA-glutamatergic synaptic triads are long-established in the primate dlPFC (GoldmanRakic et al., 1989) . In this spine, D1R can be seen at a distance from the synapse, a common site for interaction with HCN channels Paspalas et al., 2013) , as well as near the symmetric synapse, possibly mediating DA actions. Spines (sp) are pseudocolored in yellow, axon terminals (ax) in blue, and the calcium-containing spine apparatus in pink; synapses are denoted by arrows.
